We present a semiconductor saturable absorber mirror ͑SESAM͒, which also acts as an output coupler at the same time. The influence of the output coupler transmission onto the absorber parameters is investigated theoretically, as well as experimentally. A passively Q-switched Nd:YVO 4 microchip laser is built using such a nonlinear output coupler, yielding clean pulses of 143 ps duration, 48 nJ energy, and 572 W peak power. This result is compared with the traditional approach, where the SESAM is not used as an output coupler. are well established as a useful device for passive mode locking and Q switching of many kinds of solid-state lasers.
are well established as a useful device for passive mode locking and Q switching of many kinds of solid-state lasers. 3 The main reason for this device's utility is that both the linear and nonlinear optical properties can be engineered over a wide range, allowing for more freedom in the specific laser cavity design. The main absorber parameter such as operation wavelength , modulation depth ⌬R, saturation fluence F sat , and absorber life time A can be custom designed for stable cw mode locking or Q switching. Initially, semiconductor saturable absorber mirrors were used in coupled cavities, 4 because they introduced too much loss inside solid-state lasers with small gain cross sections ͑i.e., 10 Ϫ19 cm 2 and smaller͒. Two years later, in 1992, this work resulted in another type of intracavity saturable absorber mirror, the antiresonant Fabry-Perot saturable absorber ͑A-FPSA͒, 1 where the absorber was integrated inside a Fabry-Perot structure of which the bottom reflector was a high reflector ͑i.e., approximately 100%͒. The Fabry-Perot was operated at antiresonance to obtain broad bandwidth and low loss. The A-FPSA mirror was mainly based on semiconductor Bragg mirror and absorber layers and therefore allowed for a large variation of the absorber. The result was a much better understanding of the absorber and laser design necessary to obtain stable passive mode locking or Q switching of many different solidstate lasers. In 1995 5 it was further realized that the intracavity saturable absorber can be integrated in a more general mirror structure that allows for both saturable absorption and negative dispersion control, which is now generally referred to as a SESAM.
2 In a general sense we then can reduce the design problem of a SESAM to the analysis of multilayered interference filters for a given desired nonlinear reflectivity response in both the amplitude and phase. The A-FPSA, 1 the saturable Bragg reflector, 6 and the dispersive saturable absorber mirror 7 are then special examples of SESAM designs.
With a few exceptions, 8 the SESAM is mostly used as an end mirror of a standing-wave cavity, which can lead to a higher complexity of the laser setup. This was observed for example in passively Q-switched microchip laser 9, 10 and passively mode-locked miniature lasers [11] [12] [13] where a short laser crystal defines a monolithic cavity. The SESAM attached to the laser crystal then formed one end mirror of this laser cavity. As the laser cannot be pumped through the SESAM, the laser output needs to be separated from the pump by a dichroic mirror. These examples suggest that there is need for a device which combines the nonlinear properties of the SESAM with an output coupler. This has been demonstrated before for a passively mode-locked fiber laser.
14 In this letter we investigated possible limitations of combining a SESAM with an output coupler ͑SESAMOC͒. We compare the nonlinear reflectivity response and the performance with a passively Q-switched Nd:YVO 4 microchip laser using either a classic SESAM as a high reflector or a SESAM as output coupler. The difference between the two SESAM designs is only in the bottom Bragg mirror structure as shown in Fig. 1 . The SESAM consists of an AlAs/GaAs bottom Bragg mirror metalorganic chemical vapor deposition ͑MOCVD͒ grown on an undoped GaAs substrate and a saturable absorber formed by five groups of 8.7 nm thick In 0.25 Ga 0.75 As/GaAs multiquantum well structures placed at the peak of the standing wave pattern at 1.064 m within a transparent GaAs spacer layer. We can then change this highly reflective SESAM device to a SESAMOC by simply reducing the reflectivity of the lower AlAs/GaAs Bragg mirror. In the first case the reflecting Bragg mirror has a reflectivity close to 100% and consists of 22 AlAs/GaAs quarter wave layer pairs. In the second case we use only seven quarter wave pairs resulting in a bottom reflectivity of 90% to optimize the pulse energy of a passively Q-switched microchip laser. High pulse energy requires an output coupling transmission T out of the same order as ⌬R. 10 Because the two devices have identical absorber structures and nearly the a͒ Electronic mail: keller@iqe.phys.ethz.ch APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 18 30 APRIL 2001 same intensity in the absorber layers ͑see standing wave pattern in Fig. 1͒ they also have very similar absorber properties ⌬R, F sat , and A . This can be stated for any classic SESAM structure, when we look at the scaling factor for the peak intensity of the standing wave inside the absorber layers compared to the intensity outside of the SESAM ͓Eq. ͑13͒ of Ref.
15͔. Even for T out ϭ15% and ⌬R of 15%, the intensity in the absorber layers changes by less than 5%. This implies that we can change the number of Bragg pairs and thus T out of a SESAM for a given absorber structure without substantially changing the absorber parameters. In addition, for mode-locked solid-state lasers, ⌬R and T out are usually even smaller than for Q-switched lasers ͑typically ⌬RϷ1% -2% and T out р5%).
There are a number of additional complicating issues however for a SESAMOC. The device has to be grown on a nonabsorbing substrate, which in our case was an undoped GaAs wafer, polished on both sides, and the back side of the wafer has to be antireflection ͑AR͒ coated in order to avoid residual back reflections and thus additional etalon effects, which could degrade the nonlinear response. These residual losses in the substrate can reach a few percent. However, it should be noted that these are extracavity losses and do not affect the internal laser dynamics. As an alternative, the substrate could be etched away. This would be required in wavelength regimes where no transparent substrates are available or if the nonlinear losses in the substrate become high.
The SESAM was grown with MOCVD at normal growth temperatures which typically results in an absorber recovery time of several hundred picoseconds. The devices are characterized in a saturation measurement setup, where we determine the nonlinear reflectivity and transmission as a function of the pulse fluence incident on the device. For these characterizations we used a passively mode-locked Nd:YVO 4 laser with pulses of 7 ps duration laser. The saturation measurement of the SESAM and the SESAMOC are shown in Fig. 2 together with the theoretical fits. For the standard SESAM, we measure ⌬Rϭ8%, F sat ϭ111 J/cm 2 , and nonsaturable losses of ⌬R ns ϭ0.9%. The measured saturation fluence for the SESAMOC (F sat ϭ115 J/cm 2 ͒ agrees very well with the classic device, and also the modulation depth (⌬Rϭ7.1%) is similar, as expected from the standing wave pattern shown in Fig. 1 . We fitted the nonlinear transmission with the same function as the nonlinear reflectivity. However, the change in transmission is too small ͑i.e., smaller than the absolute accuracy of the measurement͒ to get a reliable value for the saturation fluence. The linear losses of Ϸ2.7% not originating from the output coupling are contributed mainly to the residual losses in the undoped GaAs substrate and the imperfect AR coating. But these losses are extracavity losses, which do not affect the laser dynamics, but of course will affect the available output power. The measured saturated transmission of 9.8% agrees well with the designed 10.1%. It is important to note that with significantly shorter pulses nonlinear losses due to two photon absorption in the substrate will increase. For example numerical simulations show that the losses in the 450 m thick GaAs substrate can reach 10% for pulses of 1 ps duration and 1.5 mJ/cm 2 incident on the device ͑assuming T out ϭ10%͒.
We then compared the two devices in a passively Q-switched microchip laser. The laser, similar to the one presented in Ref. 85% at 808 nm. With the SESAMOC ͑saturated T out 9.8%, Fig. 2͒ , we pump through a high reflector with a transmission of 99.5% for the pump wavelength. For comparison the difference in the pump transmission has been compensated for by the amount of incident pump power. In Fig. 4 typical Q-switched pulses of the microchip lasers with the two different setups are shown with a pulse duration of 143 ps and an energy of 70 nJ ͑SESAM͒ and 48 nJ ͑SESAMOC͒, respectively. The pump power on the microchip was 160 mW and the average output power was 13.9 mW with a pulse repetition rate of 198 kHz ͑SESAM͒ and 7.7 mW with 160 kHz ͑SESAMOC͒. This corresponds to an absorber saturation level of Ϸ24 times the saturation fluence. It can be seen that the quality of the pulses ͑shape and duration͒ is indeed comparable. However, we typically get about 30%-50% less average power and pulse energy when we couple out through the SESAM. This is much less than we would have expected from our saturation measurements ͑Fig. 2͒ which give a residual loss of only Ϸ3% for a fully saturated absorber at 35 times the saturation fluence ͑4 mJ/cm 2 in Fig. 2͒ . Given that we cannot have such high nonlinear losses in the GaAs substrate with pulses that are even much longer than the laser pulses we have used to characterize the nonlinear response, we must conclude that the different thermal situation in the two microchip lasers is the reason for the decrease in performance. In order to be able to couple out through the SESA-MOC we need a hole in the heat sink ͑here about 5 mm diameter͒ which the SESAMOC is soldered onto ͓see Fig.  3͑b͔͒ . This hole is located directly behind the pump spot and affects the heat flow substantially. Additionally, the dielectric AR coating on the back of the substrate ͑i.e., between the substrate and the solder layer͒ acts as a bottleneck for the heat transfer. Therefore, the heat flux and the temperature gradients are changed significantly ͑value and direction͒ if we use the SESAMOC. As the thermal lens is the stabilizing effect for the flat-flat cavity, 16, 17 the laser mode size depends strongly on the thermal conditions. According to Ref. 10 the pulse energy of a passively Q-switched microchip laser is directly proportional to the mode area in the laser. Then the pulse energy difference of our two setups can be explained by the different thermal conditions, which leads to different laser mode sizes and therefore lower average output power due to a higher threshold of the laser. We would expect that the average pulse energy can be recovered to a great extent with pump spot size optimizations, smaller holes in the heat sink, etc. However, the pulse duration depends only on the modulation depth of the saturable absorber ͑and the cavity length͒ 10 and is therefore not affected by the different mode sizes. In Fig. 4 we have normalized the pulse coupled out through the SESAMOC ͑dashed͒ to the same peak power as the pulse of the standard setup ͑ϫ1.47, dotted͒, and indeed the pulse duration and shape agree very well.
It is important to note that the microchip laser is particularly sensitive to heat sinking because we only obtain a stable laser cavity due to the thermal lens. In contrast, the high-repetition rate miniature laser [11] [12] [13] does not have a flatflat cavity but one curved side which forms a stable laser cavity also without the thermal lens of the pump laser. Thus, we would expect only an output power degradation of a few percent, consistent with the nonlinear reflectivity measurements when coupling out through the SESAMOC. Of course the saturable absorber parameters would have to be adjusted to prevent Q-switched mode locking. 18 In conclusion, we have presented a modification of the standard SESAM, which allows for use as an output coupler. We have shown that this modification does not affect the basic absorber parameters and that the concept of the output coupling SESAMs can be applied for passively Q switched as well as for passively mode-locked laser in the picosecond regime. We have characterized the performance of an output coupling SESAM in a saturation measurement and in a passively Q-switched microchip laser. The saturation measurement shows that the output coupling equivalent of the SESAM has indeed comparable absorber parameters.
